Abstract. Recent observations from the THEMIS mission have focused attention on the timing of events in the magnetotail during magnetospheric substorms and other periods of geomagnetic activity. Standard models of substorms have generally emphasized convective flows as the major source of energy and momentum transport; however, Alfvén wave propagation can also be an important transport mechanism. The propagation of Alfvén waves and the related field-aligned currents are studied by means of ideal MHD simulation of the tail. Perturbations of the cross-tail current can lead to the generation of such waves, and the resulting propagation both through the tail and along the plasma sheet boundary layer can lead to enhanced transport. Implications of this wave propagation on the interpretation of results from the THEMIS mission will be discussed.
Introduction
The propagation of MHD waves and wave pulses in the magnetotail represents an important mode of energy and momentum transport between this region and the inner magnetosphere. On slow time scales, convection of the magnetospheric plasma is the major mechanism to transport mass, energy and magnetic flux throughout the bulk of the magnetosphere. On the other hand, during substorms when there are rapid changes in the magnetospheric stresses, wave propagation can be a competitive factor in transporting energy and momentum (Song, 1998) . Ultra-Low-Frequency (ULF) waves play a number of roles in the overall picture of tail dynamics. Such waves are responsible for the communication of shear and compressional stresses throughout the magneCorrespondence to: R. L. Lysak (bob@aurora.space.umn.edu) tosphere, and in the tail in particular. Shear Alfvén waves mediate changes in the field-aligned currents that are generated during substorms. The rapid enhancement in the nightside field-aligned currents that constitute the substorm current wedge is carried by these Alfvén waves. Compressional fast mode waves can transmit changes in the total pressure between different regions of the tail. For example, the dipolarization that occurs during the substorm could be viewed as a rarefactive wave propagating from the inner tail to the mid-tail region, or conversely as a compressional wave propagating earthward from the mid-tail. These waves often occur in isolated pulses or wave packets, rather than continuous sinusoidal waves. The dynamics of these wave packets is an important consideration for the evolution of the magnetosphere, especially during substorms (e.g., Song and Lysak, 1994 . In this paper, we will use "waves" and "wave packets" interchangeably, since the propagation characteristics of waves and wave packets are similar.
The importance of wave propagation to energy transport between the tail and the auroral zone has been emphasized by observations at the plasma sheet boundary layer by Polar, Cluster, and FAST (Wygant et al., , 2002 Keiling et al., 2000 Keiling et al., , 2001 Keiling et al., , 2002 Keiling et al., , 2003 Keiling et al., , 2005 Angelopoulos et al., 2002; Dombeck et al., 2005) . These observations show that the Poynting flux carried by shear Alfvén waves can be the dominant energy flow along auroral field lines, especially during substorm times. Angelopoulos et al. (2002) have considered examples when the Geotail and Polar satellites were conjugate to one another, and determined that a large fraction of the Poynting flux observed at larger distances by Geotail was dissipated before reaching Polar altitudes. In addition, they pointed out that the energy flux associated with bursty bulk flows may be converted to Poynting flux associated with shear Alfvén waves. Similar wave activity has been seen from Cluster by who determined with direct multi-point measurements that these waves had wavelengths perpendicular to the magnetic field as small as the electron inertial Published by Copernicus Publications on behalf of the European Geosciences Union.
length. These results verified the indirect result of Wygant et al. (2002) who used the local kinetic dispersion relation (Lysak and Lotko, 1996; Lysak, 1998) to estimate the perpendicular wavelength from the ratio between the wave electric and magnetic fields. In addition, Wygant et al. (2002) have suggested that these Alfvén waves may have a direct effect on particle acceleration, since they observe accelerated field-aligned electrons, sometimes counter-streaming, in the presence of short-perpendicular wavelength Alfvén waves. This electron energization is consistent with the parallel potentials expected in these waves from the kinetic Alfvén wave dispersion relation. Furthermore, Mende et al. (2003) have shown from FAST and IMAGE observations that the auroral arc that brightens at substorm onset is due to the Alfvénic acceleration of electrons rather than a quasi-static inverted-V electron population.
Previous theories of field-aligned current generation (e.g., Hasegawa and Sato, 1979; Sato and Iijima, 1979; Vasyliunas, 1984) are based on a quasi-static force balance and current continuity, and so cannot describe the highly dynamical situation occurring at substorm onset. Since the shear Alfvén wave carries changes in the field-aligned current, a dynamical theory of field-aligned current generation must also involve the generation of shear Alfvén waves. In an ideal MHD situation, Ampere's Law and Faraday's Law can be combined with the ideal Ohm's Law to show that currents are generated when there is a gradient in the field-aligned vorticity along magnetic field lines Lysak, 1997, 2000) . In the magnetotail, this situation can arise during three-dimensional, time-dependent reconnection. Such reconnection will produce a plasma flow localized in space and time, both Earthward and anti-Earthward from the reconnection site. Since this flow is localized in the azimuthal direction, there will be a field-aligned vorticity produced that is southward on the dawn side and northward on the dusk side. This will produce a field-aligned current toward the Earth on the dawn side and away from the Earth on the dusk side (e.g., Hesse, 1991, 2000) . Currents produced by such localized flows have been observed by Cluster (e.g., Volwerk et al., 2004 Volwerk et al., , 2007 , and were associated with the Kelvin-Helmholtz instability.
Another proposed current generation mechanism occurs during the so-called Hall reconnection including two-fluid effects (e.g., Sonnerup, 1979; Birn and Hesse, 2001; Shay et al., 2001) . In this case the demagnetization of ions in a thin current layer causes an overshoot, leading to a perpendicular current away from the reconnection site. On the other hand, the confinement of electrons to a narrower current layer leads to an electric field pointed toward the reconnection site. Thus, in this situation, j ·E<0, constituting a generator. The resulting outgoing Alfvén waves produce a quadrupolar signature in the out-of-plane component of the magnetic field that has recently been observed on satellites (e.g., Øieroset et al., 2001; .
A final mechanism that will be considered for field-aligned current generation is linear mode conversion at the plasma sheet boundary layer (e.g., Hasegawa, 1976; Goertz and Smith, 1989; Harrold et al., 1990; Wright, 1998, 2000; and Wright and Allan, 2008) . If fast mode waves are produced in the plasma sheet, they will propagate nearly isotropically through the sheet, and will quickly reach the boundary layer. Due to the strong gradient in the Alfvén speed at this layer, the fast mode can convert into the shear Alfvén mode, similar to the effect that occurs in the excitation of field line resonances. These Alfvén waves will then propagate along the field line, where they can reach the Earth. Such waves have been observed at the boundary layer by Polar Keiling et al., 2003) . They may possibly be associated with Poleward Boundary Instensifications frequently seen during the later stages of substorms (Lyons et al., 2002) .
The purpose of this paper is to investigate the propagation of Alfvén waves in the magnetotail during substorms by means of a three-dimensional ideal MHD code . This code treats purely ideal MHD, and thus cannot describe the physics of reconnection or kinetic instabilities; however, it does have very low numerical dissipation so that the wave propagation can be accurately treated. The next section will briefly describe this code. The following two sections will describe results from two runs of the code. The first considers a region farther back in the tail in which the current sheet can be modeled as a Harris-type equilibrium with a finite plasma sheet including narrow boundary layers and the transition to the lobes. This model can be used to study mode conversion at the plasma sheet boundary layer. The second case will consider a region closer to the Earth where a finite B z component of the background magnetic field is present, which will allow a study of field-aligned current generation during current disruption and the possible propagation of rarefactive waves tailward. This model uses a Lembege-Pellat approximate tail equilibrium as the starting point. In each of these runs, the current sheet will be perturbed by reducing the current strength locally. The results will be discussed in the final section.
Numerical model
Our main computational tool to examine these questions is an existing three-dimensional MHD model that has been developed by the University of Minnesota Astronomy Department . This code is based on a total variance diminishing (TVD) conservative scheme that has proven to have very low numerical dissipation . This code has been used to study the MHD Kelvin-Helmholtz instability in two dimensions (Frank et al., 1996; Jones et al., 1997) as well as in three dimensions (Jones et al., 1999; Ryu et al., 2000) . The threedimensional code has been applied to several challenging astrophysical problems, including the Parker instability (Kim et al., 1998 (Kim et al., , 2001 , and supersonic MHD jets (O'Neill et al., 2005) . This code has been applied to magnetospheric situations such as the Kelvin-Helmholtz instability at the magnetopause, including the effects of oblique magnetic fields (Keller and Lysak, 1999) , the generation of field-aligned current in three dimensions (Keller et al., 2000) , and the excitation of magnetospheric waveguide modes (Keller and Lysak, 2001 ). In addition, we have used this code to study mode conversion at the plasma sheet boundary layer (Lysak and Song, 2004) .
This code is well suited to studying wave propagation in the tail. In this code each cell interface is treated as a Riemann problem considering the 7 MHD wave characteristics (corresponding to propagation at the convection speed u plus the wave speeds u±c i , where c i , i=1, 2, 3 are the fast, intermediate and slow MHD wave speeds). The order in which the interfaces in the three dimensions are computed is permuted to preserve second-order accuracy. Outflow boundary conditions are implemented by considering only the outbound wave characteristics on the boundary. The code was tested by introducing fast, shear and slow waves propagating obliquely across the grid, and effective Reynolds numbers the order of 10 4 were achieved in a grid with 256 cells in each direction . In general, the directional splitting used in the code would not preserve ∇·B=0. Maintenance of a divergence-free magnetic field is accomplished in this code by a non-directionally split solution of Faraday's Law, calculating the magnetic flux transport across each cell boundary by finding the electric field along the cell edges and computing the emf around each cell face (Dai and Woodward, 1998; Ryu et al., 1998) .
The eigenmode structure of MHD waves in the magnetotail geometry has been considered for many years (e.g., Patel, 1968; Siscoe, 1969; McKenzie, 1970; Hopcroft and Smith, 1985; Seboldt, 1990; Rickard and Wright, 1994; Wright, 1998, 2000; Wright and Allan, 2008; Lee and Hau, 2008) . These studies show that the magnetotail can constitute a waveguide for compressional mode waves. Finite difference modeling of these waveguide modes has been done by Wright (1998, 2000) and Wright and Allan (2008) using a linear, cold plasma model. The model presented here improves on these models by considering a fully nonlinear, warm plasma MHD description of the tail. A nonlinear resistive MHD code has been developed by Birn and co-workers (Birn and Hesse, 1991 . Our model is quite similar to this work; however, we treat an ideal MHD model that has lower dissipation than these models, allowing a good description of the wave propagation. On the other hand, without resistive terms our model cannot directly model the reconnection region that was considered by Birn's models.
For the runs presented below, the box size is 10 R E ×6 R E ×6 R E (with the longer side being in the GSM x direction) with a spatial resolution of 200 km, giving t= 0.00, x= 5.00, y= 0.00, Va, Cs, Cf 320×192×192 cells. Outflow conditions are assumed at each boundary, and the runs are done as an initial value problem, where the initial equilibrium is perturbed by a local reduction in the cross-tail current. This reduction mimics the effects of non-ideal MHD processes within the context of our ideal MHD model. This perturbation is modeled by a three-dimensional Gaussian in the vector potential, which models an obstacle (such as localized resistivity) that current must flow around (Song and Lysak, 1989 ; see also Fig. 2b in Lysak and Song, 1990) . It should be noted that such a perturbation could either be the result of localized, three-dimensional reconnection at the current sheet or the result of a localized resistivity due to a kinetic current instability.
Harris sheet profile including boundary layer
A first attempt to model wave propagation in the tail was attempted using a Harris sheet profile including the plasma lobe and thus gradients at the boundary layer. First, the magnetotail current sheet is modeled by a hyberbolic tangent profile that reverses the magnetic field from a value of −15 nT to 15 nT over a sheet thickness of 0.3 R E . The density in the asymptotic region is 1 cm −3 and β=4, with pressure balance assumed throughout. The boundary layers are modeled by hyperbolic tangents centered at z BL =±1.8 R E with a thickness of 0.3 R E that increase the magnitude of the magnetic field to 30 nT and decrease the density to 0.1 cm −3 . Again the pressure is in balance with the magnetic field pressure, leading to β=0.25 in the lobe regions. Thus, the total magnetic field can be written as where B P S =15 nT, B L =30 nT and z=0.3 R E . Figure 1 shows the resulting profile of the wave speeds. In this figure, the solid line denotes that Alfvén speed, the dotted line the sound speed, and the dashed line the fast mode speed. Note that γ =5/3 is assumed.
In this run, the reduction of the cross-tail current is modeled by a Gaussian perturbation in the vector potential that has the form:
where ⊥ =0.3 R E and y=1.0 R E . This perturbation was introduced at the left side (x=0) of the simulation volume. The magnetic field produced by this perturbation takes the form
This magnetic perturbation can be described as a toroidal perturbation that is associated with a poloidal current. This perturbation reduces the cross-tail current in the center of the perturbation, diverting the current around the perturbation so that ∇·j =0 is preserved. This configuration results in an unbalanced j×B force that will accelerate plasma to the right (i.e., Earthward in this case). Figure 2 shows the flow vectors in the z=0 plane at 50, 100, 150 and 200 s into the run. The acceleration of the plasma flow by the unbalanced forces can be clearly seen. Note in particular that the maximum velocity increases by about 65 km/s in each panel, although by t=200 s the acceleration has slowed as the field lines relax. It can also be seen that due to the finite extent of the accelerated plasma in the y-direction, the flow diverts and forms vortices at the endpoints, similar to previous simulations (e.g., Birn and Hesse, 1991) . Figure 3 shows the total pressure (p+B 2 /2 µ 0 ) in the y=0 plane at the same times as in Fig. 2 . Perturbations in the total pressure are indicative of fast mode pulses. Comparing these figures, one can see that there is a peak in the pressure at the leading edge of the flow pattern. In addition to this expected pattern, it can be seen that there is a leading front of enhanced pressure that runs ahead of the flow pattern, representing a fast mode perturbation. Note that this perturbation expands to fill the plasma sheet, as it should since the fast mode propagates nearly isotropically. In particular, this perturbation reaches the plasma sheet boundary layer, where it can mode convert to an Alfvén wave propagating along the magnetic field lines. In this run, the initial pressure was 0.425 nPa everywhere in the system, so the fluctuations in the pressure are only about ±10%. Thus, this fast wave pulse is rather weak and might not stand out clearly in observations.
The Earthward component of the current (essentially the field-aligned current) is illustrated in Fig. 4 , which plots the current at times of 70, 80, 90, and 100 s. These field-aligned currents are signatures of Alfvén mode perturbations. This figure is a cut offset from the center of the simulation, at y=1.8 R E , since the current has a node at y=0. with both signs are found near the central current sheet in this figure. These are the currents directly related to the flow vortices shown in Fig. 2 . These currents correspond to those seen, for example, in . For strong flows, these flow shears can be unstable to the Kelvin-Helmholtz instability, as observed by Cluster (Volwerk et al., 2007) ; however, in this case, the flows are weaker than those in the Cluster observations. In addition to these currents, however, are currents at z∼±1.8 R E , at the location of the plasma sheet boundary layer. In contrast to the earlier figures, here there is a time difference of only 10 s between the panels in order to show the rapid propagation of the Alfvén wave carrying these currents at the boundary layer. The current signature travels about 6 R E in 30 s, corresponding to a velocity of 1280 km/s, comparable to the Alfvén speed in the boundary (see Fig. 1 ). It is important to note that there is no significant plasma flow in the boundary layer at these times, and so the excitation of these Alfvén waves is a mode conversion effect as described above.
Thus, this run illustrates the ability of a generation of Alfvén waves at the plasma sheet boundary layer by mode conversion, even though the original reduction of the current (which could be, but is not necessarily, due to reconnection) is confined to a current sheet embedded within the plasma sheet. The wave propagation speed at the boundary layer is much faster than the wave speed in the center of the plasma sheet, and so a more rapid communication of the state of the tail to the inner magnetosphere is possible. Such rapid wave propagation at the boundary layer may be responsible for the so-called poleward boundary intensifications (Lyons et al., 2002) .
Tail model with finite B z
While the Harris sheet model above is instructive, it is not very realistic, particularly closer to the Earth where a finite B z component to the field is likely. In such a case, there are a number of quasi-equilibrium solutions (see, e.g., Lui, 2004) based on the assumption that variations in the downtail (x) direction are weaker than those in the north-south (z) direction. Here, we will adopt the model of Lembége and Pellat (1982) , in which the vector potential takes the form:
where h(x) is a slowly varying function. Note that this model reduces to the Harris sheet in the case where h is 0. For the model presented here we will take h (x) =B 0 εxe εx/λ . In this model, the magnetic field at z=0 is just B z =dh/dx and the pressure is given by Figure 5 shows (a) the contours of pressure for this model (which are the same as the magnetic field lines) and (b) the magnitude of the cross-tail current for this case. Here the parameters are B 0 =30 nT, ε=0.03, and λ=1.8 R E , so that the zcomponent of the magnetic field at z=0 ranges from 0.9 nT to 1.24 nT as x increases from 0 to 10 R E . The tail-like geometry can be clearly seen as well as the fact that the cross-tail current increases as one moves toward the Earth. This run is initiated with a perturbation that reduces the cross tail current at the center of the system from its initial value of 2.4 nA/m 2 to 0.5 nA/m 2 . The state of the system after 100 s is shown in Fig. 6 . The first panel of this figure shows the velocity vectors in the z=0 plane. A four-fold vortex structure is clearly seen. This structure is formed since the B z component associated with the current perturbation gives a j×B force in the x-direction that drives plasma away from the region of the perturbation. The diverging flow of plasma away from this region leads to a reduction in the total pressure, providing a force that accelerates the plasma in the y-direction to fill the low pressure spot. This local reduction in the pressure sends a fast mode signal through the tail, as shown in panel (b) of the figure. Again, this fast mode wave is not very strong, having a pressure variation of ±0.1 nPa.
The vortical motion of the plasma leads to a twisting of field lines, and thus to the generation of field-aligned current. This current is shown in Fig. 6c , which shows the x component of the current on the y=1 plane (note that this is only approximately the field-aligned current). This plane is on the pre-midnight side of the magnetosphere, and so the negative currents in the direction of the Earth indicate upward currents in the ionosphere, in the proper sense for Region 1 currents, or alternatively, the pre-midnight leg of the substorm current wedge. Similar current structures have been seen in simulations by Birn and Hesse (2000) . Finally, Fig. 6d shows the B z component of the magnetic field, indicating that a region of negative B z occurs just tailward of the perturbation. Since the perturbation is localized in the y-direction, this localized region of negative B z does not necessarily involve the formation of a large scale plasmoid heading tailward in this case.
A final point to be made from this run is illustrated in Fig. 7 , which shows the B y component of the magnetic field on the y=1 plane at the same time as the fields shown in Fig. 6 . It can be seen that a quadrupolar pattern in B y occurs, consistent with the currents shown in Fig. 6c . It is worth noting that such a pattern is often invokes as the signature of "Hall reconnection;" however, this run is calculated using ideal MHD without the Hall term. It is probably more accurate to describe such a pattern as the signature of localized field-aligned current generation in the tail. Certainly, such current generation could be the result of the charge separation that occurs in thin current sheets due to the breakdown of the ion frozen-in condition (i.e., the Hall term), but this is not the only way in which such currents can be generated.
There are at least two distinguishing characteristics between the pattern shown in Fig. 7 and that produced by twofluid effects in reconnection. The first is the scale size, which is much larger in Fig. 7 than the ion inertial length. Hall reconnection produces B y signatures that are the order of a few times the ion inertial length, as is seen in both data and simulation (e.g., Phan et al., 2007) . Larger scale regions of this out-of-plane magnetic field would indicate alternative current generation scenarios. The second difference is that the Hall reconnection picture is two-dimensional, and so the same pattern is seen independent of the y-coordinate. In the case of a localized three-dimensional current generation process, the pattern reverses depending on whether the observations are duskward and dawnward of the reconnection region. For example, the perturbations at y=−1 in our simulations (not shown) has exactly opposite sign to that given in Fig. 7 . Observations at points separated in y might then be able to see such differences. While the Cluster spacecraft are relatively closely spaced, observations from THEMIS might shed light on this question.
Conclusions
These results have illustrated the relationship of Alfvén waves and field-aligned currents to perturbations in the tail current sheet. From the point of view of this work, we make no distinction between magnetic reconnection and current disruption processes: both processes lead to the localized reduction of the cross-tail current. It is important to recognize that this localized reduction might not necessarily lead to field-aligned current generation, as is implied by the standard picture of the substorm current wedge. In principle, this current may just be diverted around the region of reduction. However, in the dynamical situation shown here, the plasma flows caused by the force imbalance produced by the current reduction act as a generator, twisting field lines (e.g., Song, 1998) .
Since the localized current perturbations produce a localized enhancement of the flow, the plasma is compressed at the leading edge of the flow and reduced in the region of the perturbation. The resulting pressure perturbation leads to fast mode fronts that can propagate nearly isotropically through the plasma sheet. Since these waves are not confined to a single field line, they generally do not grow to large amplitudes and so would not produce an obvious signal in spacecraft data. However, when these fast mode waves encounter the plasma sheet boundary layer, they can mode convert into shear Alfvén waves that propagate along the boundary layer field lines. These waves could propagate either toward or away from the Earth; those that propagate toward the Earth may lead to particle acceleration (e.g., Wygant et al., 2002) and could produce poleward boundary intensifications (Lyons et al., 2002) in the aurora. It should be noted that in the present simulation, which is an initial value simulation without any continuous driving, the electric fields produced are the order of 1 mV/m, less than those observed by Wygant et al. (2000) even when enhancements due to magnetic field mapping are taken into account. Further driving of the system and enhancement of the field magnitudes due to continuous phase mixing would be required to explain the observed field magnitudes.
As a final point, the localized generation of field-aligned current generally leads to the formation of a y component of the magnetic field. This is often called the "Hall magnetic field." However, the Hall effect is only one way to generate such a signature, and this field should more accurately be described as an indicator of field-aligned current generation. Observations of the scale size of the region, such as are often found from Cluster, are needed to confirm that such structures scale with the ion inertial length. Indeed, this whole structure is sometimes referred to as the "Hall current system" which is misleading since most of the observed currents are field-aligned. Only the closure current near the reconnection region can accurately be described as the Hall current. Rather than being the signature of whistler mode waves, which are often associated with the Hall term, these fields are usually better described as shear Alfvén waves that carry energy away from the reconnection region and lead to field-aligned currents that can propagate to low altitudes and accelerate auroral particles.
In conclusion, the results presented here have illustrated the role of MHD wave propagation in the tail in two different situations. In the Harris sheet model including the boundary layers, the simulations show that fast mode waves are generated that can mode convert to shear Alfvén waves at the boundary layer. The second model based on an equilibrium model including finite B z in the initial state has shown how a localized current disruption can generate field-aligned currents due to the force imbalance that generates vortical flows in the plasma sheet. Such a scenario also produced fast mode waves that propagate tailward and a quadrupolar B y signature that is generally indicative of localized field-aligned current generation, either due to Hall effects or simply the threedimensional structure of the currents. Future work will couple this tail model to a model of the inner magnetosphere so that these current perturbations can be connected to the auroral processes that are an essential feature of substorm dynamics.
